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We have used fluorescence microscopy and the technique of rapamycin-regulated protein heterodimerization to examine
the dynamics of the subcellular localizations of fluorescent proteins fused to lipid-modified protein sequences and to
wild-type and mutated forms of full-length K-ras4B. Singly prenylated or myristoylated fluorescent protein derivatives
lacking a “second signal” to direct them to specific subcellular destinations, but incorporating a rapamycin-dependent
heterodimerization module, rapidly translocate to mitochondria upon rapamycin addition to bind to a mitochondrial
outer membrane protein incorporating a complementary heterodimerization module. Under the same conditions analo-
gous constructs anchored to the plasma membrane by multiply lipid-modified sequences, or by a transmembrane helix,
show very slow or no transfer to mitochondria, respectively. Interestingly, however, fluorescent protein constructs
incorporating either full-length K-ras4B or its plasma membrane-targeting sequence alone undergo rapamycin-induced
transfer from the plasma membrane to mitochondria on a time scale of minutes, demonstrating the rapidly reversible
nature of K-ras4B binding to the plasma membrane. The dynamic nature of the plasma membrane targeting of K-ras4B
could contribute to K-ras4B function by facilitating redistribution of the protein between subcellular compartments under
particular conditions.

INTRODUCTION

A variety of cellular proteins are modified with single iso-
prenyl groups attached to carboxy-terminal cysteine resi-
dues, which are typically also carboxy-methylated as well
(Zhang and Casey, 1996; Fu and Casey, 1999; Sinensky, 2000;
Roskoski, 2003). After initial farnesylation or geranylgerany-
lation mediated by cytoplasmic protein prenyltransferases,
singly prenylated proteins undergo further processing at the
endoplasmic reticulum (ER), where the terminal three amino
acid residues of the -CAAX prenylation motif are endopro-
teolytically removed and the carboxyl group of the now-
terminal prenylated cysteine residue is methylated (Gutier-
rez et al., 1989; Dai et al., 1998; Romano et al., 1998; Schmidt
et al., 1998; Otto et al., 1999). After completing these common
processing steps at the ER, different singly prenylated pro-
teins diverge markedly in their subsequent trafficking to
their final intracellular destinations (Choy et al., 1999; Apol-
loni et al., 2000; Michaelson et al., 2001; Silvius, 2002). H- and
N-ras, for example, are transported to the plasma membrane
in association with vesicles of the classical secretory path-
way, whereas K-ras4B reaches the same membrane by a
distinct, apparently nonvesicular pathway (Choy et al., 1999;
Apolloni et al., 2000), and the closely related rap proteins

localize primarily to the Golgi (Beranger et al., 1991; Pizon et
al., 1994; Nomura et al., 2004).

Correct final subcellular targeting of the different ras spe-
cies and of other singly prenylated proteins has been shown
to require both the prenylated carboxy-terminal cysteine
residue and a “second signal,” such as one or more nearby
S-acylation (“palmitoylation”) sites (as in H- and N-ras) or a
polybasic sequence (as in K-ras4B) located near the preny-
lated carboxy-terminus (Hancock et al., 1990, 1991; Willum-
sen et al., 1996; Apolloni et al., 2000; Michaelson et al., 2001).
For mammalian H- and N-ras and for Ras2p in yeast, plasma
membrane targeting has been shown to be mediated by
S-acylation of the prenylated carboxy-terminal sequence,
which leads to kinetic trapping of these proteins at the
plasma membrane (Dong et al., 2003; Goodwin et al., 2005;
Rocks et al., 2005; Roy et al., 2005). The mechanism of plasma
membrane localization targeting of proteins such as K-ras4B,
with a prenylated and polybasic targeting sequence, remains
unclear. To date it has not been clearly established whether
plasma membrane targeting of K-ras4B is dynamic (i.e.,
rapidly reversible) or instead might rest on some form of
kinetic-trapping mechanism.

In this study we have combined fluorescence microscopy
and the technique of rapamycin-induced protein het-
erodimerization to examine the dynamics of membrane lo-
calization of prenylated or myristoylated protein constructs
that lack a second targeting signal or that additionally carry
either S-acylation sites or the polybasic plasma membrane-
targeting signal of K-ras4B. In the absence of a functional
second signal, prenylated and myristoylated proteins dis-
tribute among different cellular membranes in a highly dy-
namic manner, whereas prenylated or myristoylated pro-
teins that are also S-acylated are kinetically trapped on the
plasma membrane, as recently demonstrated for H- and
N-ras (Goodwin et al., 2005; Rocks et al., 2005). Interestingly,
however, plasma membrane targeting of fluorescent protein
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constructs incorporating full-length K-ras4B or its farnesy-
lated, polybasic carboxy-terminal sequence is also dynamic,
with a halftime for membrane desorption on the order of
minutes, indicating that plasma membrane targeting of
K-ras4B rests on an equilibrium-binding rather than a kinet-
ic-trapping mechanism.

MATERIALS AND METHODS

Materials
Rapamycin was obtained from Sigma/Aldrich Canada (Oakville, Ontario),
and the rapamycin analogue AP29167 was provided by Ariad Pharmaceuti-
cals (Cambridge, MA).

Plasmids
The plasmids pC4EN-F1, pC4M-F2E, and pC4-RHE were provided by Ariad
Pharmaceuticals. XbaI/SpeI digestion fragments from these plasmids were
ligated into the XbaI sites of the parent plasmids to produce sequences
comprising three repeats of an 11-kDa rapamycin-binding domain (FKBP)
from human FKBP12 or two repeats of the rapamycin-binding domain (FRB)
from FRAP/mTOR, including a mutation that allows selective binding to the
mutated FRB domain of the rapamycin analogue AP21967, which unlike
rapamycin does not inhibit the mTOR/FRAP kinase. These tandem sequences
were subcloned into XbaI/SpeI-digested pC4EN-F1 or pC4-RHE to produce the
plasmids pC4EN-F3 and pC4-2RHE, respectively.

PCR fragments containing the entire coding sequences of enhanced cyan
and yellow fluorescent proteins flanked by a 5�-XbaI site and 3�-SpeI site plus
short linker sequences were prepared from pECFP-N1 or pEYFP-N1 (BD
Biosciences/Clontech, San Jose, CA), using the 5�-primer TCTAGAGGAGCT-
GGTGCAGTGAGCAAGGGCGAGAGCT and the 3�-primer ACTAGT-
GAGTCCGGACTTGTACAGCTCGTCCATGCC. A PCR fragment containing
the coding sequence of monomeric red fluorescent protein (mRFP) and the
same flanking sequences was prepared from a plasmid containing the com-
plete mRFP coding sequence (generously provided by Dr. Robert Nabi,
University of British Columbia, and used with the kind permission of Dr.

Richard Tsien, University of California at San Diego) and the 5�- and 3�-
primers TCTAGAGGAGCTGGTGCAATGGCCTCCCTCCGAGGACGTC
and ACTAGTGAGCCGGGAGGCGCCGGTGGAGTGGCGG. The XbaI/SpeI-
digested PCR products were ligated into a XbaI/SpeI-digested modified form
of pC4EN-F1, in which the sequence between the EcoRI and XbaI sites had
been replaced by that of pC4-RHE, to produce the plasmids pC4-CFP, pC4-
YFP, and pC4-mRFP. EcoRI/BamHI fragments from the first two plasmids
were subcloned into pALTER-1, mutated using the Altered Sites procedure
(Promega, Madison, WI) to produce the Cerulean and monomeric Citrine
variants, respectively (Zacharias et al., 2002; Rizzo et al., 2004), and then
subcloned back into the parent plasmids to yield pC4-Cer and pC4-mCit.

Plasmids encoding constructs linking fluorescent proteins to prenylated
carboxy-terminal sequences were constructed from pC4-Cer or pC4-mCit by
replacing the sequences between the SpeI and BamHI sites with the following
sequences (flanking restriction sites underlined): ACTAGTAGCGGCCC-
CGGCTCCATGAGCCTGAAGTGTGTGTCCTAAGGATCC for –tH�(F) con-
structs, ACTAGTAGCGGCCCCGGCTCCATGAGCCTGAAGTGTTGCAT-
CCTGGGATCC for –tH�(GG) constructs, ACTAGTAGCGGCCCCGGCTG-
CATGAGCTGCAAGTGTGTGCTCTCCTAAGGATCC for -tH constructs
and ACTAGTAAAGATGGTAAAAAGAAGAAAAAGAAGTCAAAGA-
CAAAGTGTGTAAATATGTAAGGATCC for -tK constructs (replacing the
highlighted TCA codon in the -tK sequence by GCA for -tK(S181A) con-
structs). A plasmid encoding the myr-CFP construct was prepared using PCR
to replace the sequence of pC4-Cer between the EcoRI and XbaI sites with the
sequence GAATTCACCATGGGCCTGACCGTGAGCAAGCTGTTCA-
AGTCCCTGTTTGAAGCTTCTAGA. PCR was also used to replace the se-
quence of pC4-Cer between the EcoRI and XbaI sites with sequences encoding
amino acids 1–10 of human p56lck or amino acids 1–35 of human LAT. A
XbaI/SpeI restriction fragment from pC4-2RHE was ligated into the XbaI site of
the above plasmids to obtain sequences encoding the corresponding FRB2-
CFP- module-containing proteins (see Figure 1). pcDNA3-based plasmids
encoding Arf5(1–7)- or Arf6(1–7)-fluorescent protein constructs were pre-
pared as described previously for the analogous derivative of enhanced green
fluorescent protein (Roy et al., 2000).

PCR fragments containing the complete coding sequences of K-ras4B and
its GTPase-defective G12V mutant (including the initial methionine and the
final stop codon), flanked by 5� SpeI and 3�-BamHI sites, were prepared using
template plasmids generously provided by Dr. Adrienne Cox (University of

Figure 1. Structures of fluorescent protein
constructs created for this study. The con-
struct FRB2-CFP-tK(S181A) was generated by
mutating to alanine the serine residue shown
in boldface in the structure of FRB2-CFP-tK.
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North Carolina) and ligated between the SpeI and BamHI sites of the plasmid
encoding the FRB2-CFP-tK construct to prepare plasmids encoding the FRB2-
CFP-Kras and FRB2-CFP-Kras(G12V) constructs. The related FRB2-CFP-
Kras(S17N) construct was prepared by mutagenesis as described above, re-
placing codons 17–18 of K-ras4B (AGTGCC) by AATGCA to introduce the
indicated mutation as well as an NsiI restriction site to facilitate screening for
mutated clones.

A PCR fragment encoding the mitochondrial outer membrane-targeting
sequence (residues 1–29) of yeast TOM70p flanked by EcoRI and XbaI sites
was prepared from the plasmid pSP(pOMD29; Li and Shore, 1992) and ligated
into EcoRI/XbaI-digested pC4-mRFP to prepare the plasmid pC4-T70-mRFP.
A XbaI/SpeI restriction fragment from pC4EN-F3 was ligated into the SpeI site
of the latter vector to obtain a plasmid encoding the mitoRFP-FKBP3 con-
struct. A plasmid encoding the pOCT(1–37)-CFP construct was prepared by
ligating between the KpnI and XbaI sites of pcDNA3 a PCR fragment consist-
ing of a KpnI restriction site, the coding sequence of amino acid residues 1–37
of human preornithine carbamyltransferase, and a linker sequence
TACTCTAGAGGATCC followed by the complete coding sequence of ECFP
(less the initiator ATG codon).

Cell Transfections and Fluorescence Microscopy
CV-1 and COS-1 monkey kidney fibroblasts were seeded on glass coverslips
in six-well culture dishes and transfected 16–24 h later using the calcium
phosphate procedure as described previously (Roy et al., 2000). Transiently
transfected cells were imaged live 48–72 h posttransfection using a Zeiss LSM
5 Pascal confocal microscope (Thornwood, NY; using a pinhole setting of 1.5
�m) or a Nikon Eclipse TE300 epifluorescence microscope (Melville, NY)
fitted with a Photometrics Quantix digital camera (Tucson, AZ). Cells express-
ing the lowest levels of fluorescent protein suitable for photographic imaging
were chosen for analysis. We did not observe any noteworthy differences in
the distributions of fluorescence in cells expressing different levels of a given
protein construct, with the exception that cells expressing very high levels of
some lipidated proteins exhibited diffuse cytoplasmic and nuclear fluores-
cence, suggestive of incomplete protein processing. Rapamycin-induced
translocation of FRB domain-incorporating fluorescent protein constructs to
mitochondria in cells coexpressing the mitoRFP-FKBP3 construct was as-
sessed by adding medium containing rapamycin or AP29167 (0.5 or 1.0 �M,
respectively) to the cells at 22°C and imaging by conventional fluorescence
microscopy as described above. Average pixel intensities were determined for
defined regions of the cell images as a function of time after rapamycin
addition, and the intensity data, corrected for photobleaching effects using
standard curves determined from parallel exposure series for untreated cells,
were plotted versus time and analyzed by curve-fitting to an equation of the
form I(t) � A � B�exp(�kt), where I(t) is the average pixel intensity, t is the
time after rapamycin addition, and k is the rate constant for redistribution of
fluorescence.

RESULTS

In this study we adapted the technique of rapamycin-in-
duced protein heterodimerization to examine the dynamics
of association of lipid-modified proteins with the cytoplas-
mic faces of cellular membranes. As demonstrated previ-
ously (Chen et al., 1995; Choi et al., 1996; Stockwell and
Schreiber, 1998; Castellano et al., 1999), upon addition of
rapamycin to intact cells, an expressed protein containing
one or more repeats of the rapamycin-binding domain of
mTOR (FRB) can heterodimerize rapidly and efficiently with
a coexpressed protein incorporating multiple repeats of an
11-kDa rapamycin-binding domain (FKBP) from the human
FKBP12 protein. If the two proteins are normally localized to
different cellular membranes, such heterodimerization will
be possible only if at least one of the proteins can transfer at
an observable rate to the membrane where the other resides.
For this study we prepared an FKBP domain-containing
protein construct designated mitoRFP-FKBP3 (Figure 1),
comprising three FKBP domains and an mRFP fluorescent
marker stably anchored to the mitochondrial outer mem-
brane via the transmembrane sequence of human Tom70p.
This construct was coexpressed with various lipid-modified
protein constructs, incorporating two FRB domains and a
CFP fluorescent marker (Figure 1), which in the absence of
rapamycin associate with different nonmitochondrial mem-
brane compartments. Because most cellular membrane com-
partments do not traffic materials to mitochondria via vesic-

ular pathways, addition of rapamycin to cells coexpressing a
pair of protein constructs as described above is predicted
(and shown below) to cause redistribution of the lipidated
FRB domain-containing protein to mitochondria if (and only
if) the lipidated species can desorb at a finite rate from its
normal membrane environment. Under these conditions, the
rate of rapamycin-induced transfer of the lipidated species
to mitochondria can provide a measure of the rate of mem-
brane dissociation of this species.

Kinetics of Redistribution of Singly Lipid-modified
Protein Constructs
We have previously shown (Silvius and l’Heureux, 1994;
Schroeder et al., 1997; Leventis and Silvius, 1998) that pre-
nylated or myristoylated peptides bound to lipid bilayers
(lipid vesicles) can transfer between different bilayers
through the aqueous phase on time scales of a few minutes
or less. To investigate whether singly lipid-anchored pro-
teins can show comparable rates of intermembrane transfer
in living cells, we used the approach outlined above to
examine the rates of intermembrane transfer of prenylated
or myristoylated proteins lacking a second signal (e.g., a
nearby polybasic domain or S-acylation site(s)) to specify
targeting to particular cellular membranes. Previous studies
of prenylated proteins lacking second signals have observed
that these proteins are prominently associated with the ER
and perinuclear structures (Hancock et al., 1990, 1991; Choy
et al., 1999; Calero et al., 2003; Gomes et al., 2003). As shown
in Figure 2, A and B, this was true also for protein constructs
linking two FRB domains and a CFP module (FRB2-CFP-) to
modified forms of the H-ras carboxy-terminus, which are
farnesylated (-tH�(F)) or geranylated (-tH�(GG)) but in
which the S-acylation sites that comprise the second signal
for H-ras targeting (Hancock et al., 1990, 1991; Willumsen et
al., 1996) were mutated. A very similar subcellular distribu-
tion was observed for an analogous myristoylated construct
(myr-FRB2-CFP), as illustrated in Figure 2C. The localiza-
tions of these constructs closely matched those of constructs
fusing YFP to the same lipid-modified sequences, as illus-
trated for YFP–tH�(GG) and FRB2-CFP-tH�(GG) in Figure 2,
D–F, indicating that the presence of FRB domains did not
alter the subcellular distributions of these species. Interest-
ingly, as illustrated in Figure 2, G–I, the subcellular localiza-
tion of the YFP–tH�(GG) protein closely resembled that of
coexpressed proteins linking CFP to minimal myristoylation
sequences derived from either human Arf6, a plasma mem-
brane-associating protein (Donaldson, 2003), or (unpub-
lished data) Arf5, a Golgi-associating protein (Haun et al.,
1993). This result suggests that the subcellular distributions
of prenylated proteins lacking second signals may not de-
pend on any distinctive structural features of their hydro-
phobic modifications.

As illustrated in Figure 3, A and B, when expressed in
COS-1 or CV-1 cells the mitoRFP-FKBP3 construct is tar-
geted exclusively to mitochondria, as demonstrated by its
colocalization with pOCT(1–37)-CFP, a derivative of CFP
that is targeted to the mitochondrial matrix by fusion to the
matrix-targeting sequence of human preornithine car-
bamoyltransferase. When rapamycin is added to cells coex-
pressing mitoRFP-FKBP3 and the farnesylated FRB2-CFP-
tH�(F) construct, the farnesylated protein rapidly
redistributes to mitochondria to colocalize with mitoRFP-
FKBP3 (Figure 3, C, D, and F). Rapamycin-induced redistri-
bution of the farnesylated protein is essentially complete
within 5 min, whereas as expected, the distribution of the
mitoRFP-FKBP3 construct remains unchanged upon rapa-
mycin addition (Figure 3, E and F), indicating that the drug
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does not perturb mitochondrial morphology or the integrity
of the mitochondrial membrane compartment. Similarly
rapid translocation was observed for the geranylgeranylated
FRB2-CFP-tH�(GG) and myristoylated myrFRB2-CFP con-
structs upon addition of rapamycin to cells coexpressing
these proteins with mitoRFP-FKBP3 (Figure 4, A–C and
D–F).

Several control experiments were carried out to validate
the above approach to monitor intercompartmental transfer
of membrane-associating proteins. No significant redistribu-
tion of fluorescence was observed when rapamycin was
added to cells expressing only the FRB2-CFP-tH�(GG) con-
struct (Figure 4, G and H) or (unpublished data) the
FRB2-CFP-tH�(F) construct. Similarly, rapamycin caused no
redistribution of the FRB domain-lacking CFP-tH�(F) or
CFP-tH�(GG) constructs in cells in which these proteins
were coexpressed with the mitoRFP-FKBP3 protein (unpub-
lished data). Finally, under the photographic conditions
used for the above experiments, photobleaching of the lipi-
dated fluorescent protein constructs was minor (�1% be-
tween consecutive exposures), as assessed by quantitative
image analysis (see below) for control experiments like those
just described. The rapid disappearance of fluorescence from
nonmitochondrial membranes in the experiments shown in
Figures 3 (C–F) and 4 (A–F) thus can be attributed essentially
completely to rapid intermembrane translocation of the lipi-
dated fluorescent proteins, with a minimal contribution
from photobleaching.

To obtain more quantitative information about the time
courses of intermembrane translocation of lipid-anchored
FRB2-CFP- constructs, we measured the mean fluorescence
intensities for defined regions of cells like those shown in

Figures 3 and 4 as a function of time after rapamycin addi-
tion. We then analyzed the resulting intensity-time profiles
as described in Materials and Methods to extract the effective
rate constants for redistribution of different protein con-
structs. Analyses of this type are illustrated in Figure 5, and
the transfer rate constants thereby estimated are summa-
rized in Table 1. Very similar estimates of rate constants for
rapamycin-induced redistribution of the fluorescent con-
structs were obtained by measuring depletion of fluores-
cence from regions of the cell lacking mitochondria or accu-
mulation in regions rich in mitochondria (unpublished
data). As illustrated in Figure 5A for geranylgeranylated
FRB2-CFP-tH�(GG), singly lipid-modified constructs lacking
second signals show halftimes for transfer to mitochondria
of the order of 1–2 min or less. It is possible that for such
rapidly translocating species the kinetics of rapamycin per-
meation into cells (or the intrinsic rate constants for rapam-
ycin-mediated protein heterodimerization) are at least partly
rate-limiting for the observed redistribution to mitochon-
dria. If so, the intrinsic rate constants for intermembrane
transfer of these species may in fact be still faster than those
measured for their transfer to mitochondria in the above
experiments, and may vary to a greater extent between
species with different (single) lipid chains than do the
apparent rate constants given in Table 1.

To ensure that the above translocation phenomena were
not linked to the ability of rapamycin to inhibit the protein
kinase mTOR/FRAP (Huang et al., 2003), we repeated the
above experiments using the rapamycin analogue (“rapa-
log”) AP21967, which does not inhibit mTOR/FRAP but can
still induce heterodimerization of FRB- and FKBP-domain-
containing protein constructs. As illustrated in Figure 5A

Figure 2. Confocal microscopic images
showing the subcellular distributions of pre-
nylated and myristoylated fluorescent pro-
teins in CV-1 cells. (A–C) Images of (A) FRB2-
CFP-tH�(F), (B) FRB2-CFP-tH�(GG), and (C)
myr-FRB2-CFP. (D and E) Images of FRB2-
CFP-tH�(GG) and YFP-tH�(GG), respectively;
(F) merged image (green is YFP-tH�(GG)). (G
and H) Images of Arf6(1–7)-CFP and YFP-
tH�(GG), respectively; (I) merged image
(green is YFP-tH�(GG)).
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and summarized in Table 1, at a concentration of 1 �M the
rapalog also induces mitochondrial translocation of the
FRB2-CFP-tH�(GG) construct in cells coexpressing this pro-
tein and mitoRFP-FKBP3, albeit with somewhat slower ki-
netics and with a lag that is not observed using rapamycin
(0.5 �M) under the same conditions. This lag may reflect a
slower rate of cell permeation, or a need to attain a higher
intracellular concentration in order to promote efficient het-
erodimerization of FRB and FKBP domains, for the rapalog
compared with rapamycin itself. Consistent with these
possibilities, the rapalog-induced translocation of the FRB2-
CFP-tH�(GG) construct was significantly accelerated by in-
creasing the rapalog concentration (unpublished data).
However, in order to ensure complete and consistent solu-
bilization the rapalog was routinely used at a concentration
of 1 �M.

To compare with the above observations for singly lipid-
modified protein constructs, we also examined the effects of
rapamycin (in cells coexpressing mitoRFP-FKBP3) on the

localization of constructs comprising an FRB2-CFP module
anchored to the plasma membrane by multiply lipidated
sequences or a transmembrane helix. As illustrated in Fig-
ures 5B and 6, A–C, for cells expressing an FRB2-CFP con-
struct linked to the plasma membrane-targeting sequence of
H-ras (-tH), which incorporates two S-acylation sites as well
as a farnesylated carboxy-terminus, addition of rapamycin
induces rapid redistribution of a small fraction of the con-
struct to mitochondria, after which the remaining fraction
redistributes much more slowly. A construct linking the
FRB2-CFP module via its amino terminus to amino acid
residues 1–10 of human p56lck, a myristoylated sequence
incorporating two S-acylation sites, also shows a biphasic
loss of plasma membrane-associated fluorescence, with a
markedly slower second phase of redistribution than that
observed for the -tH construct, upon addition of rapamycin
to cells coexpressing this protein and mitoRFP-FKBP3 (Fig-
ures 5C and 6, D–F). The estimated halftimes for the slow
phases of the redistribution process for the FRB2-CFP-tH
and lck(1–10)-FRB2-CFP constructs (Table 1) are comparable
to or longer than the previously reported halftimes for turn-
over of individual covalently bound S-acyl residues in H-ras
and p56lck, respectively (Paige et al., 1993; Lu and Hofmann,
1995; Baker et al., 2000, 2003). This result is consistent with
the proposal that the slow phase of translocation of these
constructs represents release of their de-S-acylated forms
from the plasma membrane. A construct fusing the FBP2-
CFP module to the transmembrane domain of the Linker in
Activation of T-cells (LAT) protein showed no rapamycin-
induced redistribution of fluorescence from the plasma
membrane in cells coexpressing this protein with mitoRFP-
FKBP3 (Figures 5D and 6, G–I).

Having established that the experimental approach de-
scribed here can detect intermembrane diffusion of mem-
brane-associated proteins on a wide range of time scales, we
examined the kinetics of dissociation from the plasma mem-
brane of constructs in which FRB2-CFP modules were linked
either to the carboxy-terminus of K-ras4B (-tK), which tar-
gets K-ras4B and heterologous proteins to the plasma mem-
brane (Hancock et al., 1990, 1991) or to full-length K-ras4B.
Both the FRB2-CFP-tK and the FRB2-CFP-Kras constructs are
targeted specifically to the plasma membrane (Figure 7, A,
G, and M), as confirmed by confocal microscopy (unpub-
lished data). As illustrated in Figures 7, A–F, and 8A, rapa-
mycin-induced translocation of the FRB2-CFP-tK construct
to mitochondria (in cells coexpressing the mitoRFP-FKBP3
construct) could be detected within 1–2 min after rapamycin
addition and proceeded over a time course of a few tens of
minutes. Quantitative analysis as described above showed
that the halftime for translocation of the FRB2-CFP-tK con-
struct was significantly longer than that observed for the
FRB2-CFP-tH�(F) construct, which is also farnesylated but
lacks a polybasic sequence. Nonetheless, the halftime for
intermembrane transfer of the tK-anchored construct is still
only of the order of 10 min at 22°C and is likely even shorter
at 37°C. Addition of the rapalog AP21967 (1 �M) also in-
duced mitochondrial translocation of this construct, at a rate
roughly fourfold slower than that observed using 0.5 �M
rapamycin, similar to the results of analogous experiments
described above for FRB2-CFP-tH�(GG) (Table 1). The con-
struct FRB2-CFP-tK(S181A), in which serine-181 of the
K-ras4B targeting sequence is mutated to an alanine residue
to block potential phosphorylation, exhibits rapamycin-in-
duced translocation to mitochondria in cells coexpressing
mitoRFP-FKBP3 with kinetics very similar to those observed
for the FRB2-CFP-tK construct under the same conditions
(Table 1).

Figure 3. Rapamycin-induced redistribution to mitochondria of
farnesylated FRB2-CFP-tH�(F) in cells transiently expressing the
protein together with mitochondrially anchored mitoRFP-FKBP3.
Limited resolution in some images is due to the use of short expo-
sure times to minimize potential photobleaching. (A and B) Fluo-
rescence images of mitoRFP-FKBP3 and of a mitochondrial matrix-
targeted CFP derivative, pOCT(1–37), respectively, in a COS-1 cell
transiently expressing the two proteins. (C and D) Fluorescence
images of FRB2-CFP-tH�(F) before (C) and 5 min after (D) addition
of rapamycin (0.5 �M). (E and F) Fluorescence images of mitoRFP-
FKBP3 before (E) and 5 min after (F) addition of rapamycin to the
same cell as shown in C and D.
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Protein constructs fusing an FRB2-CFP module to full-
length K-ras4B also readily transfer from the plasma mem-
brane to mitochondria upon addition of rapamycin or rapa-
log to cells coexpressing these constructs with mitoRFP-
FKBP3, as illustrated for FRB2-CFP-Kras in Figure 7, G–O. As
shown in Figure 8B and Table 1, the rate of translocation of
the K-ras4B fusion protein is comparable to but slightly
faster than that observed with the FRB2-CFP-tK construct. A
fusion protein incorporating the GDP/GTP exchange-defec-
tive, and hence constitutively deactivated, S17N mutant of
K-ras4B exhibited a rate of intermembrane redistribution
very similar to that observed for the wild-type K-ras4B
fusion construct. An analogous fusion protein incorporating
the constitutively active (GTPase-defective) form of K-ras4B
appears to show a modestly slower rate of transfer from the
plasma membrane than do the equivalent wild-type and
S17N constructs, a difference that approaches the level of
statistical significance (p � 0.10 by Student’s t test based on
the calculated rate constants, and p � 0.05 based on the
calculated half-times, for intermembrane transfer). This re-
sult suggests that the inactive (GDP-bound) form of the
protein may exhibit a somewhat faster rate of desorption

from the plasma membrane than the active (GTP-bound)
form.

DISCUSSION

Our present findings agree with recent reports that farnesy-
lated H-ras in its unpalmitoylated form associates dynami-
cally with cellular membranes (Goodwin et al., 2005; Rocks et
al., 2005) and with the results of previous biophysical studies
showing that singly farnesylated, geranylgeranylated, and
myristoylated peptides can rapidly transfer between differ-
ent lipid bilayers (Silvius and l’Heureux, 1994; J. Silvius,
unpublished observations). Our conclusion that the lipid-
modified FRB2-CFP module-containing proteins studied
here redistribute between membranes (here, to mitochon-
dria) by diffusion through the cytoplasm, rather than by
membrane trafficking processes, is based on several consid-
erations. First, no pathway is known to exist for transfer of
membrane-bound proteins from the plasma membrane, or
from the ER/Golgi or other endomembrane compartments,
to the mitochondrial outer membrane. Although transfer of
newly synthesized phosphatidylserine between the ER and

Figure 4. Rapamycin-induced redistribu-
tion of lipid-modified, FRB-domain-incorpo-
rating fluorescent proteins. (A–C) Subcellular
distribution of FRB2-CFP-tH�(GG) at 0 (A)
and 5 min after (B) addition of rapamycin to
a CV-1 cell coexpressing the protein together
with mitoRFP-FKBP3, whose distribution 5
min after rapamycin addition is shown in C.
(D–F) Subcellular distribution of myrFRB2-
CFP at 0 (D) and 5 min after (E) addition of
rapamycin to CV-1 cells coexpressing the
protein together with mitoRFP-FKBP3, whose
distribution 5 min after rapamycin addition is
shown in F. (G and H) Subcellular distribu-
tion of FRB2-CFP-tH�(GG) at 0 (G) and 5 min
after (H) addition of rapamycin to a CV-1 cell
not coexpressing the mitoRFP-FKBP3 con-
struct.
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mitochondrial membranes may occur at zones of apposition
between the two membrane compartments (Vance and
Shiao, 1996; Daum and Vance, 1997; Shiao et al., 1998), this
process is highly specific for phosphatidylserine over other
lipids (Shiao et al., 1998) and does not appear to represent a
general pathway for transfer of membrane material between
the two compartments. Second, the rapamycin-induced re-
distribution to mitochondria of singly lipid-modified protein
constructs is very rapid, with halftimes for transfer of ca. 10
min or less (and in some cases �1–2 min) at 22°C, whereas

vesicular membrane trafficking processes are typically con-
siderably slower at this temperature (Saraste et al., 1986;
Kuismanen and Saraste, 1989). Third, a fluorescent protein
construct stably anchored to the plasma membrane via the
transmembrane sequence of LAT shows no detectable trans-
location to mitochondria under our experimental conditions.
Finally, we observe that upon rapamycin addition singly
lipid-modified protein constructs can be rapidly depleted
from diverse cellular membranes. This result is exactly that
expected if these constructs can readily diffuse between
different cellular membranes, but it is much more difficult to
explain as a consequence of the working of specific (and,
given the different initial localizations of various prenylated
species, presumably multiple) membrane trafficking path-
ways.

Our present findings do not necessarily imply that single
lipid-modified proteins diffuse through the cytoplasm as
monomeric entities. Soluble proteins such as Rho-GDI
(Michaelson et al., 2001) and phosphodiesterase �-subunit
(Nancy et al., 2002) can bind prenylated proteins with vary-
ing degrees of specificity, and it is quite possible that one or
more of these species can serve at least to enhance the rate of
intermembrane transfer of a given prenylated protein. How-
ever, we note again that fast rates of intermembrane transfer,
similar to those we observe in the intracellular milieu for
prenylated protein constructs lacking additional lipid
groups, are also observed for prenylated or myristoylated
peptides in lipid model membrane systems (Silvius and
l’Heureux, 1994; Leventis and Silvius, 1998; J. Silvius, un-
published results).

Figure 5. Quantitative analysis, carried out as described in the
text, of the kinetics of rapamycin- or rapalog-induced translocation
to mitochondria of protein constructs coexpressed with mitoRFP-
FKBP3 in CV-1 cells. (A) Time courses of redistribution of FRB2-
CFP-tH�(GG) upon addition of 0.5 �M rapamycin (F) or 1 �M
rapalog AP21967 (E). The complete time courses determined for
rapamycin-treated cells, and the rapid (post-lag) phases of those
determined for AP29167-treated cells, were fit as illustrated to an
equation of the form I � A � B�exp(�kt), where I is the mean pixel
intensity determined for a fixed region of the cell image, A and B are
adjustable scaling parameters, and k is the rate constant for the
redistribution process. Values of k determined in this manner are
summarized in Table 1. (B–D) Time courses of rapamycin-induced
redistribution of (B) FRB2-CFP-tH, (C) lck(1–10)-FRB2-CFP, and (D)
LAT(1–35)-FRB2-CFP in CV-1 cells under conditions similar to those
described for A. Data shown in B and C are fit with a biexponential
decay curve and those in D to a monoexponential decay curve (in
the latter case yielding a rate constant �� 10�4 min�1, indicating
negligible transfer from the plasma membrane). The values of k
summarized in Table 1 for translocation of FRB2-CFP-tH, and lck(1–
10)-FRB2-CFP correspond to the rate constants estimated for the
slow phase of fluorescence redistribution. Because of the nature of
the image analysis and the deliberate use of overly conservative
image-background corrections in data quantification, the magni-
tudes of the intensity decays shown (expressed as a percentage of
the initial intensity) should not be directly equated to the percent-
ages of translocation of the protein constructs, which will typically
be somewhat larger and can be better assessed from original images
like those shown in Figures 3, 4, and 6.

Table 1. Estimated rate constants for rapamycin-induced intra-
cellular redistribution of FRB-domain-containing Cerulean con-
structs fused to different lipidation sequences

Construct
Redistribution rate
constant (min�1)a

Redistribution
halftime (min)b

FRB2-CFP-tH�(GG) 0.69 � 0.19 1.72 � 0.33 (11)
FRB2-CFP-tH�(F) 0.54 � 0.18 1.17 � 0.67 (5)
myrAmphi-FRB2-

CFP
1.19 � 0.75 1.95 � 1.23 (5)

FRB2-CFP-tK 10.6 � 1.7 � 10�2 9.3 � 1.2 (17)
FRB2-CFP-tK(S181A) 8.4 � 1.1 � 10�2 10.1 � 1.2 (19)
FRB2-CFP-Kras 13.7 � 2.2 � 10�2 6.9 � 1.1 (14)
FRB2-CFP-

Kras(G12V)
10.2 � 1.3 � 10�2 10.6 � 1.8 (25)

FRB2-CFP-
Kras(S17N)

13.6 � 2.1 � 10�2 6.3 � 0.7 (14)

FRB2-CFP-tH 8.8 � 1.8 � 10�3 137 � 58 (7)
Lck(1–10)-FRB2-CFP 7.2 � 1.4 � 10�4 1250 � 370 (5)
Rapalog

FRB2-CFP-tH�(GG) 8.3 � 1.2 � 10�2 8.9 � 1.3 (5)
FRB2-CFP-tK 1.8 � 0.2 � 10�2 46 � 10 (10)
FRB2-CFP-Kras 3.4 � 0.5 � 10�2 32 � 5 (22)

a Rate constants for intracellular redistribution of the indicated pro-
tein constructs in CV-1 cells coexpressing the mitoRFP-FKBP3 con-
struct were determined by curve-fitting analysis as discussed in
Materials and Methods and as illustrated in Figures 6 and 9. Values
represent the mean � SEM of n separate determinations.
b Redistribution halftimes (t1/2) were estimated from each time
course using the formula t1/2 � ln(2)/k, where k is the estimated
redistribution rate constant. Average halftime values shown were
calculated from these individual determinations of t1/2, not from the
average rate-constant values shown. Values represent the mean �
SEM of n separate determinations, with n in parentheses.
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Previous studies of the dynamics of plasma membrane
association of K-ras4B have reached divergent conclusions.
Yokoe and Meyer (1996) concluded that the rate of exchange
of a GFP-K-ras4B fusion protein between the plasma mem-
brane and cytoplasm is very rapid, with a halftime of 1.5 s.
By contrast, Niv et al. (1999), from an extensive analysis of
photobleaching-recovery kinetics for a similar fusion con-
struct, concluded that the halftime for desorption of the
activated G12V mutant of K-ras4B from the plasma mem-
brane must be considerably greater, although they were
unable to estimate a precise value for the desorption rate.
Our present findings are compatible with the conclusions of
Niv et al., but they indicate that desorption of the FRB2-CFP-
Kras fusion protein from the plasma membrane is nonethe-
less relatively rapid, with a halftime of the order of several
minutes at 22°C, and likely even less at 37°C. Fusion con-
structs incorporating wild-type, constitutively activated
(GTPase-defective) or constitutively deactivated (GDP/GTP
exchange-defective) forms of K-ras4B desorb from the
plasma membrane at similar rates, although the activated
form may desorb at a modestly slower rate than does the
unactivated species. This latter observation is reminiscent of
previous reports that when expressed at low levels, fluores-
cent protein-tagged derivatives of constitutively activated
mutants of H- and K-ras show greater restriction of their
lateral diffusion in the plasma membrane than do analogous
fluorescent derivatives of the constitutively deactivated
S17N mutant (Niv et al., 2002; Lommerse et al., 2005).

Our present results strongly support the proposal that
plasma membrane targeting mediated by the K-ras4B tar-
geting sequence rests on a high equilibrium binding affinity
for the plasma membrane vis-à-vis other cellular mem-

branes, rather than on a “kinetic trapping” mechanism (Sha-
hinian and Silvius, 1995) as is the case for S-acylated proteins
such as H- and N-ras (Goodwin et al., 2005; Rocks et al.,
2005). This conclusion is consistent with previous observa-
tions that in contrast to H- and N-ras, K-ras4B reaches the
plasma membrane by a nonvesicular, possibly diffusional
mechanism (Choy et al., 1999; Apolloni et al., 2000). It will be
of interest to determine whether the dynamic plasma mem-
brane association observed for K-ras4B is also characteristic
of other proteins, such as pp60src and various species of Rho
proteins, whose plasma membrane targeting sequences also
combine a single lipid modification with an adjacent poly-
basic sequence (Michaelson et al., 2001).

The functional implications of the dynamic nature of the
K-ras4B/plasma membrane interaction remains to be fully
assessed, but at least two possibilities can be readily sug-
gested from our current knowledge of the properties of
K-ras4B and other ras proteins. First, an activated form of
H-ras, but not of K-ras4B, has been shown to accumulate in
endosomes when the rate of endocytosis is enhanced vis-à-
vis that of endosomal recycling using an activated mutant of
rab5 (Roy et al., 2002). It has been suggested on the basis of
such results that K-ras4B (but not H-ras) may be retrieved
from the endosomal compartment to the plasma membrane
by simple diffusion rather than through endosomal recy-
cling (Roy et al., 2002). This suggestion is fully consistent
with our finding that membrane association of K-ras4B is
dynamic, whereas that of H-ras is much more slowly revers-
ible (Goodwin et al., 2005; Rocks et al., 2005; note also our
present findings for the FRB2-CFP-tH protein construct).
Second, H- and N-ras have been shown to mediate some of
their biological functions in cellular compartments other

Figure 6. Effects of rapamycin on the sub-
cellular distribution (in CV-1 cells coexpress-
ing mitoRFP-FKBP3) of fluorescent FRB do-
main-containing protein constructs anchored
to membranes via multiply lipid-modified or
transmembrane sequences. (A–C) Cell ex-
pressing FRB2-CFP-tH imaged before (A) and
5 min (B) or 60 min (C) after addition of
rapamycin (0.5 �M). (D–I) Cells expressing
lck(1–10)-FRB2-CFP (D–F) and LAT(1–35)-
FRB2-CFP (G–I), imaged at the same times as
indicated for A–C.
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Figure 7. Rapamycin- or rapalog-induced
redistribution to mitochondria of fluorescent
FRB-domain-containing constructs incorpo-
rating the K-ras4B-targeting sequence or full-
length K-ras4B in CV-1 cells coexpressing the
mitoRFP-FKBP3 construct. (A–F) Subcellular
distribution of FRB2-CFP-tK at 0 (A), 1 (B), 5
(C), 20 (D), and 60 min (E) after addition of
rapamycin; (F) distribution of mitoRFP-
FKBP3 in the same cells 60 min after rapamy-
cin addition. The distribution of mitoRFP-
FKBP3 at 0 min (unpublished data) was very
similar. (G–L) Subcellular distribution of
FRB2-CFP-Kras at 0 (G), 2 (H), 5 (I), 10 (J), and
45 min (K) after rapamycin addition; (L) dis-
tribution of mitoRFP-FKBP3 45 min after
rapamycin addition. (M–O) Distribution of
FRB2-CFP-Kras at 0 (M), 10 (N), and 45 min
(O) after addition of rapalog AP29167.
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than the plasma membrane (Chiu et al., 2002; Bivona et al.,
2003; Caloca et al., 2003; Perez de Castro et al., 2004; Peyker
et al., 2005), and it is possible that the same may be true for
K-ras4B as well. If so, the dynamic nature of the K-ras4B/
plasma membrane interaction could facilitate rapid recruit-
ment of K-ras4B to (or sequestration in) cellular compart-
ments other than the plasma membrane under particular
signaling conditions. This possibility is supported by very
recent reports of calcium/calmodulin- or phosphorylation-
induced relocation of K-ras4B from the plasma membrane to
the Golgi or to mitochondria, respectively (Fivaz and Meyer,
2005; Philips, 2005).
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